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Investigation of ferroelectric properties and structural relaxation dynamics of polyvinylidene fluoride thin film via second harmonic generation Second harmonic generation (SHG) laser spectroscopy has been demonstrated to be a powerful, sensitive, and non-destructive analytical technique to study crystalline phases, domain and molecular dipole orientations, and relaxation dynamics of ferroelectric polymeric thin films of polyvinylidene fluoride (PVDF). SHG also provides the detailed information at molecular levels and properties at interfaces. The current study of single layered PVDF polymer has shown that SHG can be further developed into an in situ, sensitive and quantitative tool to study ferroelectric polymeric thin film structures. We have used SHG to illustrate the decoupled so called a c À and bÀ relaxation dynamics processes in PVDF systems. V C 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4817519] Polymer materials are ubiquitous and play crucial roles in today's advanced technologies. Research on the development of polymers into special products such as drug delivery systems, engineered tissues, and energy harvesting/storage devices demonstrate that polymer technologies are needed to address many of the most critical challenges we face today in areas such as health care, informatics, and renewable energy. In recent years, there has been great interest in highly functional polymeric systems ranging from synthesis and enabling fabrication to the development of special characterization techniques. PVDF and its copolymers, as a family of highly functional polymer systems, have brought much renewed interest and excitement to the applied science community. This is due to their many appealing properties including light weight, flexibility, mechanical toughness, chemical inertness, radiation hardness, optical transparency, high dielectric functions, and their ferro-, pyro-, and piezo-electricities. PVDF is chosen for this study because it is a unique ferroelectric polymer with realized and potential applications in energy harvesting, data storage and sensing.
It is well known that the final solid state morphologies of polymeric systems are heavily dependent on the processing history and condition. Depending on these processing conditions PVDF can have four possible crystalline phases: a, c, d, and b. The piezoelectric properties of PVDF thin films are the result of highly oriented b-phase crystalline domains within the amorphous matrix of the film.
1,2 When fabricated from the melt, the most common crystalline phase of PVDF is the a-phase, and there are several post processing procedures that transitions the polymer from the a-phase to the bphase in order to obtain a macroscopically ferroelectric film. The formation of the solid PVDF phases is very complex and often the final product contains a combination of amorphous and crystalline phases, therefore, it is very difficult to pin point how each individual molecular unit behaves.
It has also been shown very recently that the understanding of the relaxation dynamics of PVDF with respect to temperature is still limited. 4 Sencadas et al. 4 have employed both dynamic mechanical and dielectric spectroscopic techniques to study the temperature dependence of semicrystalline PVDF. Two possible structural relaxation processes are proposed. One is called b-relaxation, which is assigned to cooperative segmental motions within the polymer chains in the amorphous regions of the film. The other is called a crelaxation and corresponds to molecular motions within the crystalline portion of the polymer. However, the temperatures at which these relaxation processes occur are still not clearly understood. Preparation and operating conditions of ferroelectric polymer systems involve a wide range of temperatures. Understanding the effects of temperature on molecular processes, in which structural relaxation dynamics play an essential role, is extremely important. Efforts are therefore made to exclusively identify these relaxation processes using SHG. The purpose of this research is to understand the structural formations and relaxation dynamics of polymeric systems by example of PVDF, while developing a sensitive and nondestructive nonlinear laser spectroscopic technique that will allow us to probe and interrogate these systems, providing valuable information for future science and technology.
SHG laser spectroscopy is a powerful technique which allows us to monitor molecular processes, such as crystalline phase transitions, dipole orientation, and domain switching during and post production of the film. In order to obtain a comprehensive evaluation of the capability of SHG to structural relaxation dynamics of PVDF, we first need to monitor the intensity of the SHG signal from samples with known phase and orientation, and then study the SHG response while modifying the phase/structure in a highly controlled manner. It is known that the intensity of the second harmonic photons has a quadratic dependence on the intensity of the fundamental light, the symmetry of the crystalline material and the presence of an electric field, as can be seen in Eq. (1)
where I ð2xÞ is the intensity of the second harmonic generated light, v ð2Þ is the second order non-linear susceptibility, v ð3Þ is the third order non-linear susceptibility, EðtÞ is the time dependent electric field, and I ðxÞ is the intensity of the fundamental beam. The second order non-linear susceptibility occurs for crystal systems that lack inversion symmetry, or for regions in a material where there is a breakdown in center symmetry. 3 The b-phase of PVDF lacks inversion symmetry and when aligned should be a strong source of second harmonic light, whereas the a-phase having center symmetry will generate no second harmonic light. Since there is no external applied electric field in these experiments and the intensity of the fundamental beam is constant, the only contribution to changes in the SHG intensity is the result of changes in the crystalline phase, orientation or structure.
The samples used in this study are cut from a commercially produced roll of semicrystalline PVDF film purchased from Measurement Specialties. The film is fabricated by a process known as extrusion in which the non-ferroelectric acrystalline phase is originated from the melt. After extrusion, the film is uniaxially stretched at 80 C to four times its original length resulting in the all-trans b-phase crystalline structure in which the chain axis of the polymer is parallel to the stretch direction and the film thickness is reduced to 9 lm. The thin film is then electrically poled in a direction along the surface normal of the film resulting in molecular dipoles in the b-phase crystal domains oriented in a direction parallel to the applied electric field. The finished product is a piezoelectric thin film.
Temperature dependent second harmonic studies are performed to observe the changes in SHG intensity as it correlates to transitions in domain orientation as well as crystalline phase. Two different sample sets are prepared in an attempt to decouple different materials relaxation and phase transition processes. One set is referred to as "un-clamped" since no restrictions are placed on these samples during the thermal annealing process. The other sample set has the outermost edges uniformly "clamped" during annealing to prevent the b-relaxation of the amorphous polymer matrix by maintaining the stretched configuration of the polymer. For each sample set, the PVDF is annealed for 30 min and then allowed to cool to room temperature. The temperatures used in this experiment were 50 C, 80 C, 100 C, 125 C, 150 C, 160 C, and 175 C. All SHG measurements were taken at room temperature.
A femtosecond laser used in this experiment is the Coherent Mira 900 which is tuned to a wavelength of 800 nm. The laser produces 150 fs pulses at a repetition rate of 76 MHz and pulse energy of $10 nJ. The Mira is pumped by a stable Coherent 10 W Verdi diode-pumped 532 nm green laser. The average beam power of the Mira is reduced to 150 mW using a neutral density filter and is constantly monitored by a power meter. A red pass filter is used to remove the 532 nm light from the fundamental beam which is then focused to a spot of approximately 80 lm 2 area on the sample surface. The p-polarized second harmonic beam that is generated by the p-polarized fundamental beam is detected by a photomultiplier tube (PMT) and measured with a photon counter. A computer controlled motorized rotation stage provides the ability to change the angle to the surface normal while measuring the SHG signal. This is mounted on another rotation stage which allows the incident angle to be changed. The experimental setup is shown in Figure 2(b) , where a is the azimuthal angel and h is the incident angle.
WAXS patterns are obtained by aligning the incident X-ray beam parallel to the normal direction, extrusion direction, or transverse direction of the film. The measurements were performed at 45 kV and 0.88 mA using a Confocal MaxFlux VR optic with a sealed tube microfocus X-ray source (Rigaku MicroMax-002 þ ), giving a highly focused beam of monochromatic Cu Ka radiation (k ¼ 0.154 nm). The sampleto-detector distance was 140 mm, and the diffraction angle was calibrated using a CaF 2 standard. The patterns were collected using an image plate with 50 lm pixel size.
Transmission FTIR measurements were taken at normal incidence to the PVDF film using the Bruker Tensor 27 under Nitrogen atmosphere. 16 scans were co-added to obtain each IR spectrum in 400-1000 cm À1 region with a 4 cm À1 resolution. Figure 1 shows the XRD pattern in the normal direction (a) and SHG results (b) of an as-received PVDF sample. The XRD pattern in Figure 1(a) provides the concentration of the crystalline phases of the PVDF. There is a well-defined peak located at 2h ¼ 20. 26 which is characteristic of the b-phase, and the peaks located at 2h ¼ 17. 66 and 26.56 are characteristic of the a-phase. These peaks indicate that the PVDF thin film consists mainly of the b-phase crystalline structure with a small percentage of a-phase. PVDF is in parallel with the optical polarization of the incident beam, and at a ¼ 90 the stretch direction of the PVDF is perpendicular to the optical polarization of the incident beam. There are two main features that can be seen in this plot: large lobes present at a ¼ 90 and 270 , and two small lobes located at a ¼ 0 and 180 . These are explained by the high level of symmetry present in oriented b-phase PVDF thin film that has undergone uniaxial stretching and electrical poling. Figure 2 shows the SHG intensity of an as received sample as a function of incident angle h with two configurations in which the azimuthal angle a is fixed. One configuration has the azimuthal angle fixed at a ¼ 90 and the other fixed at the a ¼ 0 position where the stretch direction of the film is perpendicular or parallel with the optical field, respectively. These positions are marked with the bold arrows in Figure  2 (b). For both configurations, the SHG intensity is at a minimum for normal incidence, h ¼ 0 . As the incident angle increases from the normal, the SHG signal increases to a maximum position at approximately 40 followed by a decrease in intensity at incident angles beyond 40
. The results in Figure 2 are consistent with what is shown in Figure 1 and confirm that the SHG signal is highly dependent on the azimuthal angle a or the position of the carbon backbone chain axis with respect to the polarization of the optical field. Figure 3 shows the FTIR spectra (a) and SHG measurements (b) of the as received and annealed PVDF samples. The FTIR spectra in Figure 3(a) indicate that no crystalline phase change occurs to the PVDF samples due to annealing for temperatures below 175 C with respect to the reference sample for both the un-clamped and the clamped sample set (FTIR spectra for the clamped sample set are not shown).
The FTIR spectra of the sample annealed at 175 C clearly shows an increase in the presence of a-phase PVDF as indicated by the increase in intensity of the peaks located at 532, 614, 764, 796, and 976 cm À1 . The reduction of the peak intensities located at 510 and 840 cm À1 indicates a decrease in fraction of the b-phase PVDF in the film. The phase transition from b-to a-phase PVDF is also shown in Figure 3 (c) where an azimuthal dependent SHG measurement of a sample annealed at 175 C shows a complete loss of second harmonic symmetry.
Part (b) of Figure 3 shows the intensity of the SHG signal as a function of annealing temperature for both the un-clamped and clamped PVDF sample sets. For the unclamped samples, the SHG intensity dramatically decreases for annealing temperatures up to 80 C and continues to decrease for subsequent heat treatments. The SHG intensity of the clamped samples remains somewhat constant for temperatures between 25 C and 80 C after which there is a drastic decrease in intensity. For both sample sets, the rate of decrease in the SHG intensity levels off as the annealing temperatures from 100 C approach the melting point at 175
C. The different trends in SHG intensities for temperatures between 25 C and 80 C in each of the sample sets indicate that for the un-clamped samples the b-relaxation process is allowed whereas it is restricted for clamped sample set. brelaxation occurs in the amorphous regions of the film resulting in a randomization of the crystalline domain orientation within 180 solid angle and leads to a dramatic decrease in the SHG intensity. The a c -relaxation process appears in the crystalline phase regions of the PVDF and gives rise to a further randomization of the crystalline domains initiated through individual polymer chains. Further annealing resulted in the structure phase transition from b to a crystalline phase, as reflected via the continued loss of SHG intensity at temperatures above 80 C and a complete loss of symmetry at 175 C, respectively. In summary, the ability to acquire detailed information on the crystalline phase, domain orientations, and relaxation processes is essential for understanding the properties of ferroelectric polymer thin films, such as PVDF. Spectroscopic techniques, such as WXRD and FTIR, provide information on the crystalline phase of semicrystalline polymers but are not sensitive to the domain orientations. By monitoring the SHG signal with respect to incident and azimuthal angles, we have shown that SHG is capable of not only providing details on the phase but is also sensitive to the orientation of the crystalline domains within a polymer thin film. We determined that the sensitivity of SHG to crystalline phase and orientation is due to the strong interactions between the molecular dipoles in the PVDF film and the optical field. We have also shown that SHG can be used as powerful yet sensitive, non-destructive and in situ probe for observing changes in crystalline structure and orientation within polymer thin films which can lead to a better understanding of the relationship between temperature and relaxation dynamics within the film. With further development, SHG and electric field induced SHG (EFISH) will allow us to probe and better understand the ferroelectric properties of polymers, such as PVDF, and to characterize more complex and confined polymer systems.
